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[1] Deep chlorophyll maxima (DCMs) are widespread features of oceans. In temperate
regions, DCMs are commonly associated with isopycnal surfaces that frequently move over a
wide vertical range. This general association between DCMs and isopycnals remains
unexplained by present theories, and we show here that it emerges from the seasonal history
of the water column. Analysis of the formation of more than 9000 seasonal DCMs throughout
the world’s oceans consistently locates the vertical position of spring/summer DCMs in
temperate seas at the density of the previous winter mixed layer, independently of this density
value and future depth. These results indicate that DCM formation cannot be understood
without hysteresis by solely considering the instantaneous response of phytoplankton to
vertical gradients in physical and chemical ﬁelds. Present theories for DCM formation cannot
explain why spring and summer DCMs are systematically found at a density equal to that of
the previous mixed layer where a bloom has occurred. Rather than reacting to instantaneous
physical forcing, the results indicate that DCMs operate as self-preserving biological
structures that are associated with particular isopycnals because of their capacity tomodify the
physicochemical environment. Combined with remote sensors to measure salinity and
temperature in the surface ocean, this new understanding of DCM dynamics has the potential
to improve the quantiﬁcation of three-dimensional primary production via satellites. This
signiﬁcant enhancement of the representation of oceanic biological processes can also allow
increasingly realistic predictions of future biogeochemical scenarios in a warming ocean.
Citation: Navarro, G., and J. Ruiz (2013), Hysteresis conditions the vertical position of deep chlorophyll maximum in the
temperate ocean, Global Biogeochem. Cycles, 27, 1013–1022, doi:10.1002/gbc.20093.
1. Introduction
[2] Maximum chlorophyll concentrations are commonly ob-
served deep below the surface of stratiﬁed oceans [Lonhgurst
and Harrinson, 1989; Cullen, 1982]. These deep chlorophyll
maxima (DCM) are widespread features of oceans and
account for a high proportion of their total chlorophyll content
[Takahashi and Hori, 1984]. These DCMs are connected to
phytoplankton biomass and are manifested as regions of high
ﬂuorescence in vertical proﬁles of water properties where
oceans seasonally stratify [Lonhgurst and Harrinson, 1989].
Owing to their ubiquity and global signiﬁcance for the biolog-
ical functioning of pelagic ecosystems, various mechanisms
have been proposed to explain their origin and maintenance.
[3] Hypotheses for their occurrence have explored the
settling of phytoplankton [Riley et al., 1949] and its variation
with depth [Steele and Yentsh, 1960] or light intensity
[Bienfang et al., 1983], motility of ﬂagellated phytoplankton,
pycnoclines [Jerlov, 1959], and nutriclines [Takahashi and
Hori, 1984] as the causes of seasonal DCMs. Other explana-
tions set DCMs at the bottom of the euphotic zone [Kirk,
1983] or where a physiological increase of chlorophyll per
cell occurs [Cullen, 1982], in connection with differential
grazing pressure [Lorenzen, 1967] or alternatively emerging
from a combination of the factors above [Beckmann and
Hense, 2007; Jamart et al., 1977; Lonhgurst and Harrinson,
1989]. Numerical models have established the role of intraspe-
ciﬁc competition for light and nutrients, caused by the upward
and downward ﬂuxes of nutrients and light, respectively, in
determining DCMs [Klausmeier and Litchman, 2001]. This
model has been included in subsequent simulation exercises
[Mellard et al., 2011; Ryabov et al., 2010; Yoshiyama and
Nakajima, 2002].
[4] Classical textbooks in biological oceanography [Mann
and Lazier, 1991] explain DCMs in connection with vertical
gradients in turbulence. Recently, modeling has demon-
strated that the combination of these mechanisms can result
in chaotic-like DCM dynamics [Huisman et al., 2006].
Table S1 (in the supporting information) provides a historical
compilation of the different mechanisms proposed to explain
DCMs location as well as the ocean regions where all of the
hypothesis were proposed. The high diversity of hypotheses
reﬂects the important role played by DCMs in biological
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oceanography and, on the other hand, highlights the large
degree of postulation made about a phenomenon whose
nature is not yet fully understood.
[5] One widespread feature of DCMs is their strong associ-
ation with isopycnals rather than with depths [Fasham et al.,
1985; Navarro et al., 2006]. When combined in a single
plot, ﬂuorescence proﬁles from an oceanic region frequently
appear as scattered if plotted against depth. However, they
collapse into similar curves when represented against poten-
tial density anomaly (σθ), and DCMs are constrained within
a narrow range of σθ values. This is a broad pattern common
to the temperate areas of the Atlantic and Paciﬁc oceans as
well as the Mediterranean Sea (Table S2 compiles examples
of DCMs constrained at a speciﬁc σθ for different ocean
regions). Despite the persistence of this extensive feature,
much more effort has been devoted to understanding the
mechanisms of DCM formation than to explaining why
DCMs ﬁt to a certain σθ. There is no apparent reason why
the biological mechanisms proposed to originate DCMs,
e.g., differential predation or photo acclimation, should be
speciﬁcally activated at a certain σθ. Although competition
for nutrients and light are known to determine the DCM
[Klausmeier and Litchman, 2001], it is not evident why this
competition always happen at a certain σθ. In particular,
this association is more intriguing if we consider the wide
range of depths in which this σθ may occur in the region
and the strong physical and chemical gradients present in
the water column.
[6] This manuscript postulates that the connection between
DCMs and σθ can only be explained by considering the sea-
sonal history of the water column in temperate waters. We
propose that, rather than passively reacting to instant exter-
nal forcing, DCMs modify the physical and chemical envi-
ronment in such a way that they become self-preserving
biological structures. Once DCMs originate at a certain σθ,
the DCM controls the vertical distribution of nutrients and
light through the competition mechanism identiﬁed by
Klausmeier and Litchman [2001] to such an extent that they
persist at that σθ. Our results, which are based on the analy-
sis of the formation of more than 9000 seasonal DCMs
throughout the world’s ocean, suggest that this hysteresis
effect is a common phenomenon in temperate oceans, and
thereby, it cannot be ignored when understanding the for-
mation and dynamics of DCMs in these regions.
Table 1. CTD Proﬁles Data Sourcesa
CTD Proﬁles With Fluorescence and/or Chlorophyll
Acronym Source No. of Proﬁles Webpage
AMT Atlantic Meridional Transect 414 http://www.amt-uk.org/
BATS Bermuda Atlantic Time-series Study 1726 http://bats.bios.edu/
CalCOFI California Cooperative Oceanic Fisheries Investigations 1067 http://www.calcoﬁ.org/
CARIACO Carbon Retention In A Colored Ocean Project 93 http://ocb.whoi.edu/jg/dir/OCB/CARIACO/
EDDIES Eddies Dynamics, Mixing, Export, and Species composition 230 http://ocb.whoi.edu/jg/dir/OCB/EDDIES/
GLOBEC-NEP Global Ocean Ecosystem Dynamics—North East Paciﬁc 726 http://globec.whoi.edu/jg/dir/globec/nep/
US-GLOBEC
Georges Bank
Global Ocean Ecosystem Dynamics—Georges Bank 3 http://globec.whoi.edu/jg/dir/globec/gb/
Gulf of Cádiz P3A2, SESAME, GOLFO 224 http://www.sesame-ip.eu/
HOT Hawaii Ocean Time-series 95 http://hahana.soest.hawaii.edu/hot/hot_jgofs.html
JAMSTEC Japan Agency for Marine-Earth Science and Technology 563 http://www.godac.jamstec.go.jp/cruisedata/e/
US JGOFS NBP U.S. JGOFS Southern NBP98 3 http://usjgofs.whoi.edu/jg/dir/jgofs/southern/nbp98_2/
NODC National Oceanographic Data Center 2904 http://www.nodc.noaa.gov/
SEADA-TANET Pan-European infrastructure for Ocean and Marine
Data Management
692 http://www.seadatanet.org/
SOFeX Southern Ocean Iron Experiment 29 http://ocb.whoi.edu/jg/dir/OCB/SOFeX/
TAO Tropical Atmosphere Ocean project 182 http://www.pmel.noaa.gov/tao/
VERTIGO Vertical Transport In the Global Ocean 176 http://ocb.whoi.edu/jg/dir/OCB/VERTIGO/
BBOP Bermuda Bio-Optics Project http://www.icess.ucsb.edu/bbop/Home.html
aJGOFS, joint global ocean ﬂux study; SESAME, southern european seas: assessing and modelling ecosystem changes; GOLFO, Gulf of Cadiz Project.
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Figure 1. Spatial distribution (red dots) of all CTD proﬁles analyzed (Table 1). Background blue lines
represent the Longhurst provinces [Longhurst, 1998].
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2. Material and Methods
[7] In order to evaluate the effect of hysteresis on DCM
formation, more than 9000 conductivity-temperature-depth
(CTD) casts in the open ocean (>200m depth) available
from oceanographic databases (including ﬂuorescence) have
been used (Table 1 and Figure 1). In addition, satellite infor-
mation has been employed to derive surface chlorophyll a
and global model outputs to simulate mixed layer dynamics
at the ocean.
3. Mixed Layer Information
[8] Monthly potential temperature, salinity, and mixed layer
depth (MLDGODAS, see Table 2 for acronym information)
were determined from the ocean data assimilation model
Table 2. Acronyms Information
Acronym Source Units Explanation
MLDGODAS GODAS model m Mixed layer depth (MLD) for each station and node
MLDMAXGODAS GODAS model m Maximum value of the mixed layer depth
σθ ML -GODAS GODAS model kgm
3 Average density anomaly in the mixed layer for each station and node
σCHLθML-GODAS GODAS model kgm
3 Average density anomaly in the mixed layer when the surface chlorophyll a derived
from satellite data is at its maximum for each station and node
σθDCM CTD proﬁles kgm
3 Density anomaly associated with the DCM for each CTD proﬁle
SCHLML-GODAS GODAS model Average salinity in the mixed layer when the surface chlorophyll a derived from
satellite data is at its maximum for each station and node
SDCM CTD proﬁles Salinity associated with the DCM for each CTD proﬁle
CHLSAT Satellite GlobColour mgm
3 Weekly surface chlorophyll a
CHLmax Satellite GlobColour mgm
3 Maximum concentration of the weekly surface chlorophyll a
CHL(z) Scaled CTD proﬁle mgm3 Biomass proﬁle derived from ﬂuorescence proﬁles after scaling
by satellite chlorophyll a
CHLGaussian Equation (1) ﬁtted to CHL(z) mgm
3 Biomass proﬁle shifted to a Gaussian distribution function
Figure 2. (a) Location of the CTD proﬁle analyzed. (b) Time evolution of monthly mixed layer depth
(MLDGODAS, black line), average density anomaly values in the MLDGODAS (σθ ML -GODAS, blue line)
and weekly satellite chlorophyll a (CHLSAT, green line) for the CTD location. Vertical black and green
dashed lines represent the dates of the CTD proﬁle (CTDdate) and the surface chlorophyll a maximum
(CHLmax), respectively. (c) Vertical proﬁle of ﬂuorescence in rfu (relative ﬂuorescence units). (d)
Vertical proﬁle of chlorophyll concentration (red line, in mgm3) derived from ﬂuorescence and vertical
proﬁle of chlorophyll concentration (black line, in mgm3) ﬁtted to a shifted Gaussian distribution function.
(e) Fluorescence (in rfu) versus σθ . Horizontal blue line shows the σθ values associated to the ﬂuorescence
maximum (σθ DCM). (f) Relationship between the value of σθ at which the DCM occurs (σθ DCM, estimated
from Figure 2e) and σθ at mixed layer when the CHLSAT is maximum ( σCHLθML-GODAS estimated from
Figure 2b). Color indicates the ratio between σθDCM=σCHLθML-GODAS.
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output Global Ocean Data Assimilation System (GODAS)
[Behringer and Xue, 2004]. The spatial coverage includes
a global grid of 418 × 360 horizontal nodes between 65°N
and 74°S and 40 levels in depth. The spatial resolution is
0.333× 1.0° of latitude and longitude, respectively. Density
anomaly (σθ) is calculated with salinity, potential temperature,
and pressure equal to 0, minus 1000 kgm3. As an example,
Figure 2b displays the monthly time series of MLD from
GODAS (MLDGODAS) and the average density anomaly
(σθ ML-GODAS) in the mixed layer for one station located in
the North Atlantic (Figure 2a). Supporting information also
provides a Google Earth ﬁle (File S1) that allows the visualiza-
tion of this information in each analyzed position (> 9000
open ocean stations).
4. Satellite-Derived Chlorophyll a
[9] Weekly surface chlorophyll a data were provided from
the GlobColour Archive (http://www.globcolour.info/), which
produces global ocean color maps (Level-3) by merging
data from the three sensors Sea-viewing Wide Field-of-view
Sensor, Moderate Resolution Imaging Spectroradiometer,
and Medium-Resolution Imaging Spectrometer over the
whole globe (4.6 km spatial resolution). Surface chlorophyll
a data correspond to product chlorophyll a case I water
based on Garver-Siegel-Maritonera (GSM) merging method
[Maritorena and Siegel, 2005; Maritorena et al., 2010].
This method provides the best ﬁt to in situ chlorophyll a
concentration and has the added advantages of providing
other products, allowing concomitantly the calculation of
pixel-by-pixel error bars. With these data sets, the cloud
cover is reduced, and therefore, more useful images become
available. Figure 2b shows an example of the annual time
series of surface chlorophyll a (CHLSAT in mgm
3) at the
station located in the North Atlantic.
5. CTD Proﬁles
[10] Publicly available CTD proﬁles with ﬂuorescence
data from the period comprised between 1998 and 2008 were
obtained from several sources (Table 1). Figure 1 displays
the position of CTD proﬁles and Figures 2c–2f shows an
example of one of the analysis performed for a station located
in the North Atlantic. For each CTD station, the biomass pro-
ﬁle (CHL(z), Figure 2d), derived from ﬂuorescence proﬁles
(Figure 2c) after scaling by satellite chlorophyll a, were ﬁtted
to a shifted Gaussian distribution function (CHLGaussian,
Figure 2d) [Platt et al., 1988]:
CHL zð Þ ¼ B0 þ h
σ 2πð Þ1=2
exp -
z zmð Þ2
2σ2
" #
(1)
where B0 is the background pigment, zm is the depth of the
chlorophyll maximum, σ is a measure of the thickness or
vertical spread of the peak, and h is the total pigment within
the peak. We deﬁned the depth above and below the DCM as
zm 1.5σ and zm+ 1.5σ, respectively [Bouman et al., 2000].
[11] In addition, the density anomaly associated with the
DCM (σθ DCM) was obtained for each CTD cast (Figure 2e).
For each proﬁle, this σθ DCM was compared with σCHLθML-GODAS,
Figure 3. Interannual variability in ﬂuorescence proﬁles at Station BATS. (a) Fluorescence versus depth
and (b) ﬂuorescence versus σθ proﬁles for BATS cruises in the months between the maximum and mini-
mum MLD during a 11 year period (1998–2008). The stippled area in Figure 3b corresponds to the range
of σθ values in the mixed layer at its maximum depth (normally during February and/or March).
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which represents the value of σθ ML-GODAS at the same location
at the time when the surface chlorophyll a was at its maxi-
mum (CHLmax, Figure 2b). Figure 2f shows an example of
the ratio σθDCM=σCHLθML-GODAS at the station located in the
North Atlantic.
[12] The mixed layer depth (MLD) for CTD casts obtained
from Bermuda Atlantic Time-series Study (BATS) and
Hawaii Ocean Time-series (HOTS) databases was calculated
by ﬁnding the ﬁrst depth where σθ(Dmld) σθ(0) = α ΔT;
where α is the coefﬁcient of thermal expansion at sea surface
conditions and ΔT is chosen to be 0.5°C [Siegel et al., 1995;
Sprintall and Tomczak, 1992]. CTD casts included in the
analysis of the BATS area were those proﬁles within 30 km
of the nominal BATS location [Michaels and Knap, 1996;
Steinberg et al., 2006]. The Brunt-Väisälä or buoyancy fre-
quency was calculated by
N ¼ g=ρ dρ=dzð Þ1 2= (2)
where g is the acceleration due to gravity, ρ is the density, and
z is the depth [Mann and Lazier, 1991]. In addition, the
depths of the 10% and 1% photosynthetically available radi-
ation (PAR) isolumes were calculated from Bermuda Bio-
Optics Project (BBOP) data (Table 1) [Siegel et al., 1995].
[13] The light intensity at each depth (Iz) is described by
the Lambert-Beer law [e.g., Kirk, 1994].
I z ¼ I0 exp F zð Þ½ : (3)
[14] I0 denotes the light intensity just below the water sur-
face and F(z) is the constant of proportionality [Lewis et al.,
1983] based on all components that absorb light, including
the water itself and chlorophyll a:
F zð Þ ¼  Kwzþ Kc ∫
z
0
CHL zð Þdz
 
(4)
where Kw (0.03, m
1) and Kc (0.016, (mg chlm
3)1m1)
are the diffuse attenuation coefﬁcients of pure seawater and
the chlorophyll speciﬁc attenuation coefﬁcient, respectively
[Bouman et al., 2000]. Only casts with an obvious DCM
located > 1m deep and an unexplained variance between
observed and ﬁtted Gaussian values of < 10% were included
in this analysis (4105 proﬁles from the pool of 9127).
6. Results
[15] Figure 3a shows ﬂuorescence proﬁles at the Bermuda
Atlantic Time-series Study (BATS) between 1998 and 2008
Figure 4. Time course of the biogeochemical variables at Station BATS during 2007. (a) Fluorescence
versus σθ and (b) ﬂuorescence versus depth proﬁles for BATS cruises between the maximum and minimum
MLD during 2007. Yellow shading indicates the range of σθ values in the mixed layer at its maximum depth
(February-March). The mean MLD and Brunt-Väisälä maxima are represented by green and blue horizon-
tal lines, respectively. Depths of the 10% and 1% PAR isolumes are represented by solid and dashed red
horizontal lines, respectively. No PAR data were available for cruises between February and early April.
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from February/March to August/September, when the mixed
layer depth usually reaches its maximum and minimum, re-
spectively. The set of ﬂuorescence proﬁles is scattered when
plotted against pressure, but within each season, chlorophyll
maxima converge toward similar σθ values (Figure 3b). The
particular range of σθ where DCMs are found in spring and
summer varies for each year; however, it is clearly connected
to the density of the previous winter mixed layer (Figure 3b).
Some exceptions to this general pattern are also observed but
they are connected to exceptional features in water column
stratiﬁcation during the seasonal cycle. Thus, in April of year
2001, there is a second entrainment event after winter whereas
the seasonal mixing of 2008 was unusually weak resulting in
the presence of a DCM in early March (Figures S1g, S1h,
S2i, and S2j, respectively). As an example of the convergence
between DCM and the σθ values of the mixed layer in the pre-
vious winter, Figure 4 shows the ﬂuorescence proﬁles during
2007 plotted versus σθ and depth (Figures 4a and 4b, respec-
tively). The same representation for all years analyzed can
be found in Figures S1 and S2. Figure 4 suggests that the
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Figure 5. (a) Map of synchronism between MLDGODAS and surface satellite chlorophyll a maxima
(CHLmax). The color scale is the number of years between 1998 and 2008 when both maxima coincide
in the same month. Red square and triangle indicates the BATS and HOTS location. (b) Composite map
of σθDCM=σCHLθML-GODAS ratios. Background lines in Figures 5a and 5b represent the Longhurst provinces
[Longhurst, 1998]. (c) Histograms of density anomaly ratios and (d) salinity ratios.
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connection between chlorophyll maxima and surface σθ dur-
ing winter is initiated during this season since high surface-
ﬂuorescence (Figure 4b) is recorded during deep mixing in
BATS area.
[16] In addition to this area, several sea provinces [in the
sense of Longhurst, 1998] have annual cycles where the
timing of seasonal maxima in MLD and surface chlorophyll
a concentration coincide. Figure 5a examines this coinci-
dence at global scale through a comparison between the
timing of the maximum mixed layer depth (MLDMAXGODAS from
GODAS) and peak surface chlorophyll a (CHLmax from
GlobColour). The results presented in Figure 5a indicate that
these winter blooms are common, particularly in temperate
oceans. This suggests that vast regions of the oceans in addi-
tion to the BATS area are primed to create spring-summer
DCMs at the σθ of the previous winter mixed layer.
[17] Although in areas poleward and equatorward of the
colored pixels in Figure 5a, there is no coincidence between
MLDMAXGODAS and CHLmax, and Figure 5b shows a clear differ-
ence between both types of areas. Thus, rather thanMLDMAXGODAS
and CHLmax, Figures 5b and 5c compare the σθ values of
the mixed layer when surface chlorophyll is at its maximum
(σCHLθ ML-GODAS) versus σθ at the subsequent DCMs (σθ DCM)
derived from the seasonal analysis ofmore than 9000 CTD pro-
ﬁles (Figure 1). Supporting information provides a Google
Earth ﬁle (File S1) to allow the visualization of this analysis
at each position (an example is provided in Figure 2). The com-
posite map (5° × 5°) of σθDCM=σCHLθML-GODAS ratio presented in
Figure 5b conﬁrms that in the regions where winter blooms
occur (Figure 5a), σθ DCM and σCHLθML-GODAS tend to coincide.
Figure 5b shows that this coincidence extends poleward of
colored regions in Figure 5a but not to regions toward equator.
[18] The histogram ofσθDCM=σCHLθML-GODAS ratio (Figure 5c)
demonstrates the high frequency of observations with a
ratio very close to one. Analogous histograms are obtained
when different water tracers, such as salinity ( S DCM=
SCHLML-GODAS ), are used (Figure 5d), again reinforcing the
similarity of the water characteristics in the mixed layer
and subsequent DCMs. However, a scatterplot of σθ DCM
versus σCHLθ ML-GODAS displays latitudinal sensitivity with
deviations at waters below 30°, where σθ DCM is consis-
tently higher than σCHLθ ML-GODAS (Figure 6a). Histograms of
the σθDCM=σCHLθML-GODAS ratio conﬁrm this latitudinal differ-
ence between waters below and above 30°; waters toward
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Figure 6. (a) Scatter diagram of σθ DCM plotted against σCHLθML-GODAS for all stations. The line indicates a
one-to-one ratio. The color scale indicates the absolute value of the CTD cast latitude. Histograms of lati-
tudinal σθDCM=σCHLθML-GODAS ratios: (b) between 30°S and 30°N, (c) between 30°N–45°N and 30°S–45°S,
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the equator of 30° show signiﬁcant deviations from a ratio
of one (Figures 6b–6d, respectively).
7. Discussion
[19] The empirical observations we present provide
evidence that DCMs in the temperate ocean cannot be
understood without considering how previously described
feedbacks for the maintenance of the DCM [Beckmann
and Hense, 2007, and references therein] will interact with
seasonal surface mixing cycle. Our results illustrate the strong
link between spring/summer DCMs and previous thermoha-
line properties of the water in the mixed layer where a bloom
has occurred. This link holds both when the bloom occurs
during deep mixing (colored pixels in Figure 5a) and when
it is associated with the shoaling of the mixed layer after
deep mixing (poleward pixels in Figure 5a). This strong
connection solidly evidences that the position of DCMs in
the temperate ocean cannot be understood without considering
the history of formation. None of the mechanisms proposed
for the occurrence of DCMs can explain the link reported here
if only their instant action, rather than the history of operation,
is considered.
[20] For instance, the connection between σθ and DCMs
with light hypotheses is not sufﬁcient unless the water column
history is incorporated [Bienfang et al., 1983; Kirk, 1983].
There is no evident reason why the σθ of a previous mixed
layer where a bloom has occurred always happens to have
the radiant ﬂux suitable to maintain the DCM, considering
the wide vertical range that such σθ may occupy in a
depth-decaying light-ﬁeld (Figure 4b). The same argument
is also valid for photo acclimation or differential grazing
[Lorenzen, 1967]. On the other hand, it is not obvious why
physiological adaptations or predatory pressures should al-
ways happen in a manner that connects DCMs to the σθ of
a mixed layer where a bloom occurred. Similarly, DCMs
are usually associated to nutriclines [Takahashi and Hori,
1984] but it is not clear why these nutriclines always occur
at that σθ [Navarro et al., 2006].
[21] Thus, all these features can only be explained by con-
sidering hysteresis effects. Hypotheses for DCM occurrence
that involve pycnoclines, such as a decrease in settling velocity
[Jerlov, 1959] or mixing intensity [Mann and Lazier, 1991],
could explain the constraining of DCMs to a certain σθ without
invoking their history of formation. However, these are very
unlike explanations since DCMs are uncoupled from the
observed maxima of Brunt-Väisäla frequency or the mixed
layer depth (Figure 4b). The seasonal history of the water
column has been suggested to ﬁt the DCMs at the depth
of the winter mixed layer [Kiefer and Kremer, 1981].
However, a history effect connected to depth cannot explain
the constraining of DCMs with certain σθ. In particular, it
cannot explain why DCMs follow a ﬁxed σθ DCM in a certain
region even though the σθ DCM dramatically changes depth
in that region (Table S2 compiles examples of DCMs
constrained at a speciﬁc σθ for different ocean regions). A
history effect based on depth predicts a ﬁxed depth for the
DCMwhile the DCMobservation suggests vertical movement
forced by ocean dynamics.
[22] Therefore, rather than establishing the spring and sum-
mer DCM position at the depth of the winter mixed layer
[Kiefer and Kremer, 1981], we propose that hysteresis effects
link chlorophyll maxima to the σθ of the mixed layer where a
bloom has occurred. Within ocean regions where seasonal
phytoplankton blooms occur during deep mixing (colored
pixels in Figure 5a), the link between the nutricline and σθ in
the winter mixed layer is an immediate consequence of nutri-
ent assimilation just before a stable water column is fully
established [Behrenfeld, 2010]. Phytoplankton growth and
nutrient use during quiescent meteorological windows in late
winter, just before stable stratiﬁcation develops [Townsend
et al., 1992], creates the interface between waters with low
and high nutrients at the density of the winter mixed layer.
This interface triggers the connection between DCMs and
the value of σθ at the winter mixed layer. Similarly, in waters
where the Sverdrup model holds [Sverdrup, 1953] and the
phytoplankton bloom occurs during shoaling of theMLD after
deep mixing (pixels poleward of the colored in Figure 5a), the
connection is established between DCMs and σθ of the mixed
layer at the time when the bloom occurs. This chlorophyll a
maximummaintains the vertical interface between waters with
low and high nutrients at the density anomaly of the surface
mixed layer.
[23] Once established, DCMs become self-preserving
structures [Beckmann and Hense, 2007], we propose that this
self-preserving capacity is strong enough to ﬁx their position
at the σθ of initial formation (that of the mixed layer where a
bloom has occurred) despite large vertical displacements and
changes in the physical environment. Feedback loops that act
to stabilize DCMs occur via the attenuation of downwelling
irradiance and uptake of upwelling nutrients, producing
suboptimal conditions for phytoplankton growth above and
below the DCM [Beckmann and Hense, 2007]. Indeed, the
role of DCMs as nutrient traps in poorly mixed water col-
umns is clear [Anderson, 1969; Anderson et al., 1969], and
detailed numerical simulations have conﬁrmed this [Jamart
et al., 1977; Klausmeier and Litchman, 2001] to such an
extent that it is DCMs which are now considered to control
the depth of the nutricline rather than the other way around
[Klausmeier and Litchman, 2001]. Similarly, DCMs are
also highly efﬁcient at regulating downwelling irradiance
(Figure 7a). At the deepest vertical horizon of DCMs,
downwelling irradiance is greatly reduced (Figure 7b).
[24] Therefore, DCMs strongly act to modify their local
physical and chemical environment, hampering phytoplank-
ton growth above and below their location, and thus stabiliz-
ing their position in the water parcel where they were initially
created. In ocean regions where the DCM is not seasonally
dissipated by deep mixing (pixels equatorward of the colored
in Figure 5a), there is no connection between DCMs and the
σθ of a previous mixed layer where a bloom has occurred
(Figures 6a and 6b). This is the case for the HOTS area, where
the mixed layer does not punctuate the DCM during the sea-
sonal cycle (Figure 8) and the DCM are not constrained to a
certain σθ (Figure S3). This is a common pattern in the
North Paciﬁc subtropical gyre, where the depth of the mixed
layer rarely penetrates the base of the euphotic zone [Winn
et al., 1995; Letelier et al., 2004].
[25] The rationale above does not exclude the proposed
hypotheses for the DCM occurrence (photoaclimation,
grazing, motility, pycnocline, settling of phytoplankton,
light, nutricline, etc.) but emphasizes the need to understand
the consequences of its operation history. The consideration
of hysteresis effects offers a simple framework by which the
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connection between DCMs and σθ can be understood in the
temperate ocean. Furthermore, the proposed hypothesis can
also eloquently explain many smaller-scale oceanographic
phenomena. For example, dramatic shifts in DCM depth
and intensity, which closely follow mesoscale changes in
isopycnal depth as observed in the Gulf of Cádiz [Navarro
et al., 2006] or the CalCOFI area [Hodges, 2006]; or changes
in DCM depth at the edges of North Atlantic fronts [Fasham
et al., 1985], where seasonal history of the water masses deter-
mines the σθ in the mixed layer and thus σθ DCM on either side
of the front. In fact, the σθ DCM for the Eastern Atlantic Water
is higher than the σθ DCM for Western Atlantic Water, 26.50
and 26.38 kgm3, respectively [Fasham et al., 1985]; the sa-
linity in the eastern part of the front is higher as result of the
inﬂuence of the salineMediterranean waters. Hysteresis is also
a key component in the explanation of the connection of
σθ DCM between basins. Because of the ﬂow through the
Strait of Gibraltar, σθ DCM values in the central Alborán Sea
are different than the western Mediterranean but similar to
the Gulf of Cádiz [Macias et al., 2008].
[26] The awareness that DCMs are linked by hysteresis to
the σθ of surface waters also has the potential to improve
the diagnosis of ocean biogeochemical cycles. New remote
sensing tools like Soil Moisture and Ocean Salinity [Font
et al., 2010] and Aquarius/Satélite de Aplicaciones Cientíﬁcas
(SAC)-D sensors [Lagerloef et al., 2008], which provide
global coverage of surface salinity, together with tempera-
ture data from operating radiometers, will allow the surface
density of temperate seas to be derived, and hence the
isopycnal of subsequent DCMs. Consequently, in temper-
ate regions, information about the three-dimensional distri-
bution of biochemical variables can potentially be derived
from remote sensing of surface water properties. This advance
is highly relevant for climatic projections, where physical sim-
ulations have less uncertainty than their biological counter-
parts [Lynch et al., 2009]. By tightly coupling DCMs to the
history of physical ﬁelds, hysteresis ameliorates our capacity
to project the biological impact of future climate scenarios,
particularly when these foresee an ocean where winter mixing
and stratiﬁcation will be modiﬁed [Sarmiento et al., 2004].
[27] In conclusion, our analysis shows that the association
between spring/summer DCMs and the σθ of a previous mixed
layer where a bloom has occurred emerges from the seasonal
history of the water column. Hysteresis cannot be ignored
and DCM occurrence cannot be understood solely from
the instantaneous response of phytoplankton to vertical gra-
dients in physical and chemical ﬁelds. Rather than reacting
to instantaneous physical forcing, these results indicate that
self-preserving of DCMs [Beckmann and Hense, 2007] con-
strains chlorophyll maxima to the σθ of the mixed layer
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where a bloom has occurred. This process is strong enough
to ﬁx the position of DCMs at that σθ despite large vertical
displacements imposed by ocean dynamics. Combined with
the use of remote sensors to measure salinity and temperature
in the surface ocean, this new understanding of the DCM dy-
namics may improve the quantiﬁcation of three-dimensional
primary production via satellites. This signiﬁcant enhance-
ment of the representation of oceanic biological processes
can also allow increasingly realistic predictions of future bio-
geochemical scenarios in a warming ocean.
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